Abstract. 2014 Spatially resolved chemical composition and spectroscopic line profiles have been gathered from the space charge region across a spinel/sapphire interface using a dedicated scanning transmission electron microscope. The electron energy-loss spectra reveal an excess of Mg (relative to stoichiometric spinel) along with Cr segregated to the interfacial zone. A quantitative least squares decomposition of a spectrum-line profile of the Al L2, 3 absorption edge fine structures into two standard components clearly highlights the transition from sapphire into spinel; further analysis indicates that the degree of site inversion, which is the fractional occupancy of tetrahedral sites by trivalent Al, increases within 5 nm of the boundary. The overall charge neutrality at the interface is maintained by the increased concentration of negative charge, probably interstitial O anions which are also present in excess quantity relative to stoichiometric spinel and sapphire.
Introduction
The transient liquid phase bonding of a Haynes 230 nickel based superalloy and sapphire fiber composite, processed at a temperature of 1200 ° C and a pressure of 14 MPa, results in significant interfacial chemical reaction between the components. The high temperature creep and fracture properties of such composites are strongly influenced by the product phases and their interfaces to both the ceramic and metal matrix [1] [2] [3] [4] [5] . To aid future material development, characterization of these interfacial regions is therefore considered important. Trace amounts of magnesium dissolved in an alloy will react with the sapphire to form a stoichiometric magnesium aluminate spinel phase [6] [7] [8] ; and this is observed in the aforementioned composite. In the vicinity of the spinel/sapphire interface the environment will deviate substantially from bulk equilibrium values due to the build up of charged defects and segregation of impurities which occurs during nucleation and growth [9] . It is upon this boundary which we have chosen to focus our attention, using the spectrum-line profile technique of spatially resolved electron energy-loss spectroscopy (SREELS) .
The nature of the interface between sapphire (a-A1203) and spinel (MgO.nA1203) is of gen-eral interest because of its widespread occurrence in many structural materials systems. Through changes in its stoichiometry and exchange in cation sites, spinel is able to accommodate rather large concentrations of charged point defects. This is in contrast to a-A1203, whose defect structure is mostly extrinsic. Atomic transport and interface energy are clearly related to defect chemistry but a correlation between the detailed atomic structure, the chemical bonding, the stoichiometry, cation disorder, and impurity solute segregation is still poorly understood because of the difficulty of getting informative data. Chiang and co-workers [10, 11] have shown there to be a strong influence of chemical composition and space charge on the grain boundary mobility of magnesium aluminate spinels during heat treatments and a number of groups (for example [3, [12] [13] [14] [15] [16] [17] [18] [19] ) have paid attention to elucidating the detailed atomic structures at various ceramic-oxide interfaces and grain boundaries. In particular, Li et al. [20] have recently described the atomic structure of the magnèsium aluminate/sapphire boundary formed between a MgO / Alz 03 couple by a solid state interdiffusion process that had been activated by the irradiation of the electron microscope. To date, there has not been much work focused on determining the chemical and electronic properties of these interfaces at (or near) the atomic level [21, 22] . [35] ). In the bulk, the excess unit positive charge of each trivalent cation occupying a bivalent site is compensated by the accompanying formation of a suitable number of negatively charged cation vacancies which may be either on octahedral (V'''Al, with a formai net charge of 3-) or tetrahedral sites (V"Mg, with formai net charge of 2-). From NMR measurements, it was concluded that the vacancies predominantly occupy the octahedral B sites even though there is only a very slight difference in energy between the two possibilities [36] . There is also a strong possibility of significant ordering of the cation vacancies, evidenced by calorimetric measurements [24, 26] . Concerning the presence of cation interstitial defects, unpublished calculations by Mackrodt (reported in Ref. [11] ) indicate that formation energies are high (3 -6 eV) so that there will be insignificant concentrations of these defects under standard tem [37] .
The composition and structure of A1203 surfaces and interfaces have been the topic of numerous studies and are found to be strongly dependent upon the ambient environment [3, 16, [38] [39] [40] [41] [42] [43] [44] [45] . In conditions of high oxygen partial pressure, most surfaces are believed to be oxygen terminated. When bonded directly to a metal, the oxygen can form direct localized metal-oxide bonds and, if present as excess charge ionic defects, they can lead to electrostatic-images in the metal which generate attractive forces [46, 47] . The [48] . This concept has been extensively developed by Brydson and others in the characterization of Al and Si oxides [49] [50] [51] [52] [53] [54] [55] . The site occupancy of spinel was investigated by making use of electron channeling and off-axis collection to increase site-selection specificity of the energy-loss signal [56] [57] [58] [59] . These experiments all used broad beam techniques and, therefore, are difficult to apply to interfaces.
Atom location by channeling enhanced microanalysis using X-ray spectroscopy has likewise been used to characterize normal and inverse spinels, although again without high spatial resolution [60] . Typically three atoms, one of known site occupancy, are required to identify site inversion. A recent application to magnesium aluminate spinel using the 0, Mg and Al signals is described by Qian et al. [59, 61] . It is also possible, in theory, to distinguish inverse from normal spinel by quantitative analysis and refinement of diffraction patterns. In practice however, the scattering power of Al and Mg are similar, making it rather difficult. A spatially resolved series of electron nanodiffraction patterns across a spinel/MgO interface was presented though no details of inversion were investigated at that time [62] .
The current work relies heavily on the premise that the local symmetry and nearest neighbor coordination dominates the Al L2,3 energy-loss near edge fine structure (ELNES). In the small angle or dipole limit, the L2,3 ELNES corresponds to transitions of bound electrons from innershell p orbitals into vacant states of s-and d-like symmetry. Brydson and co-workers have studied the edge structures of numerous minerals where the cation sites are believed to be well known [49] [50] [51] [52] [53] [54] . From these systematic studies "fingerprints " were identified for 6-fold, 5- [64] and A1203 [64] [65] [66] [67] [68] [69] , and for molecules and small clusters [70] [71] [72] [73] . However, symmetry and site projections of the density of states are either not yet available or do not provide a good fit to the data. An added complication to the interpretation of the near edge structure of oxides is the relatively strong many electron core-hole excitonic interaction. This removes the translational symmetry at the central atom and makes a one-to-one correspondence between one-electron band structure and the experimental near edge structure rather unlikely [74, 75] . For the purpose of the current study however, localization brought about by the tightly bound exciton probably enhances the sought after site selectivity. and collection semi-angles were increased to 16 and 32 mrad, respectively, and the beam current was increased to about 1 nA. The probe size on the sample in this instance was of the order of several nanometers. The stoichiometry of the bulk spinel phases were measured using the 0, Al and Mg K edges. Since this did not require high spatial resolution, the beam was scanned over an 100 nm2 area to minimize the possibility of artifacts due to beam damage. The measured intensity ratios were converted to atomic ratios using the hydrogenic cross-sections, available within EL/P.
The results are tabulated in Table I. Spectrum-line profiles were made with the aid of a custom function written for EL/P by Duscher, of the Max-Planck-Institut für Metallforschung in Stuttgart. Using this function, a series of spectra can be acquired with the electron beam scanning across the interface. The spectra are stored directly to the computer memory. The speed of the electron beam crossing the interface was controlled using the microscope's time base. Both the number of spectra and the read-out time per spectrum were adjusted so that the total acquisition time matched the time taken for the beam to scan across the microscope screen which was usually set to be 80 s. The distance traveled by the beam is controlled by the microscope magnification. At 10 million times magnification the width of the full screen corresponds to about 13 nm. The individual spectra in the series can be subsequently analyzed using conventional data analysis routines. The accumulation time for each spectrum was typically 3 s with approximately 10 thousand counts per readout. Each spectrum in the profiles presented here corresponds to a lateral pixel size of 0.5 nm, which is smaller than the 75 eV To overcome this problem, the background was modeled by a power law, A * E -r, superimposed with a Gaussian peak of half width of 10 eV, centered at 75 eV The peak intensity of the Gaussian was found to be about 10% of the smooth power law in this region.
Each of the L2,3 edges recorded in the spectrum-line profile line across the heterophase interface was separated by multiple least squares (MLS) decomposition into two standard components. The standards were assigned to be the two end members of the spectrum profile, which represent the edge shapes for spinel and sapphire. A similar MLS decomposition was done on the O-K edge profile. The mole-fraction of each componant was calculated on the assumption that the integrated partial cross section for the characteristic spinel edge-shape was the same as the sapphire edge-shape and that the total edge intensity was normalized to unity. Spectral intensity variations resulting from sample thickness changes across the boundary and beam current fluctuations were therefore ignored. Further processing of the Al L2,3 edge was accomplished by fitting two Gaussian peaks separated by about 2 eV to the 2 initial edge threshold features. This is more clearly illustrated and discussed in the next section.
Results
In Figures 2a and 2b the Al and Mg L edges of the spinel phase recorded within the bulk of the spinel product are illustrated. The Al L2,3 edge of sapphire is also shown in Figure 2a and it is obviously distinct from the spinel phase. Comparison of the spinel data in Figure 2 with the Al L edge spectra from natural spinel and non-stoichiometric spinel, contained in Figure 3 , confirms a broad similarity in both the numbers and the positions of peaks but there are differences in relative intensities. This distinction is especially evident at the edge threshold where the intensity of peak-a is much weaker in the natural spinel. ures the relative trend should be correct. The results of the peak-a to peak-b intensity ratios, Ia/Ib, are given in Table II and plotted against the expected inversion parameter for the standard spinel, show in Figure 4 . The dashed line is the linear regression fit to the data and gives (Ia/Ib)meas. = 0.52 i+0.14. To draw the solid line it was assumed that the ratio varied linearly between the extrema of normal and inverse spinel. These Figure 4 . A reason for this discrepancy may again lie in next-nearest neighbor interactions, or be due to ordered clustering of point defects which affect the local density of states. A full explanation awaits simulation of these edge structures in normal and defect spinels. For the present, we ignore these distinctions and assume the empirical linear proportionality from normal to inverse spinel. The 0 K-edge, at 530 eV, also exhibits near edge structures characteristic of either spinel or sapphire. Figure 5 shows the two edge shapes recorded in bulk regions of the spinel and fiber. Detailed examination of the edge at 570 eV indicates the presence of a small concentration of dissolved Cr in the spinel, which is clearly resolved in the difference spectrum. Magnesium chromate spinel forms a complete solid solution with magnesium aluminate spinel. The Mg and Al K-edges (not shown) were recorded in the bulk spinel phase and confirmed the stoichiometry of the spinel. These edges also have characteristic near-edge structures which could be useful for electron structure analysis across interfaces. So far no such analysis has been carried out. The Al LZ,3 spectrum-line profile across the interface is shown in Figure 6 . The transition from sapphire into spinel occurs over a 5 nm region. Using the end members of this series as the principal components, the MLS decomposition provides spinel and sapphire mole fraction profiles. These are shown in the lower window of Figure 7 , and are superimposed with the profiles obtained by similar decomposition of the characteristic O-K edges. Fig. 6 . -Individual spectra extracted from the spectrum-line profile measured across the spinel/sapphire interface recorded at 0.5 nm steps (consecutive spectra vertically off set for viewing purposes).
Composition profiles across the spinel/sapphire interface were generated from the spectrumline profiles by integrating the Cr, Mg and Al L2,3, and 0 K edge intensities. These profiles are shown in Figure 7 . The Cr/Al and Mg/Al ratios indicate segregation of Cr and a slight increase in Mg relative to Al at the spinel/sapphire interface. The driving force for Cr segregation is presumably through atomic size misfit strain energy contributions. Increased free volume at the interface will yield preferred segregation. The increase in Mg at a distance z from the interface, 0 (Mg/Al)z is most clearly evident when the mole fraction of spinel, Xspin (derived by the MLS fitting of standard edge), normalized to the value of (Mg/Al)z within the stoichiometric spinel, is subtracted, The signal 0(Mg/Al)Z, labeled as excess Mg in Figure 7 , corresponds to the amount of Mg ex- ceeding that expected for MgO.AlZ03 stoichiometric spinel and assumes there is little overlap with the neighboring sapphire crystal. After similar normalization on either side of the boundary, subtraction of the mole fraction profiles of spinel and sapphire from the 0 signal reveals the excess amount of oxygen relative to the two standard oxides, i.e.
Inspection of the individual Al spectra close to the interface in Figure 6 gives the impression that the intensity ratio (7a/7b) increases at the interface then drops to zero in the sapphire. This view is validated by the quantitative fitting of two Gaussians to the edge structures. The line profile of (Ia/Ib)z is plotted in Figure 8 . The curve labeled as (7a/7b)* was derived by subtracting from the profile the spinel mole fraction, normalized to the average ratio in the bulk spinel region, (Ia/Ib)spin, i.e.
As with the excess Mg signal, this represents an increase in (7a/7b) relative to the nearby spinel phase. Taking (I,,IIb) as a measure of the site inversion, the profiles provide a vivid picture of the Al site inversion.
The Gaussian fit analysis also indicates that the half width of peak-a increases at the interface. This presumably reflects the considerable lattice distortion and therefore band broadening at the Fig. 8 . -Line profiles derived by quantitative fitting of 2 Gaussians of variable width and height to the peaks a and b at the AI L2,3 edge threshold. The width of peak-a increases at the boundary, probably due to lattice strain. The ratio Ia/Ib increases at the interface, over the same region that the composition varies. This provides a picture of Al site inversion in the space charge layer.
interface. There are no systematic chemical shifts observed across the interface, other than a 1 eV shift of the L edge onset in spinel (78 eV) relative to the sapphire onset at (79 eV). A downward shift of the "octahedral" peak b from spinel to sapphire is attributed to changes in the exciton binding energy [72, 74] . How this effect varies across the interface has not yet been investigated. Any band bending due to interfacial charge distributions will not be visible because of similar bending of both the core and conduction bands. No defect or interface states could be observed within the band-gap region. Such states might have been evident if a concentration of dangling bonds or vacancy defects were present.
Discussion
We begin the discussion by considering the interfacial chemical distributions and how they might affect the space charge region. To guide the discussion a schematic of the possible elemental distribution at the interface is illustrated in Figure 9 , but this should not be taken to represent the actual distributions which are convoluted into the measured profiles. The profiles in Figure 7 suggest that the Cr content increases relative to Al at the boundary. The Cr/Al atomic ratio rises to a maximum peak height of 0.1 with 90% of this distribution within a width of 5 nm (assuming a normal distribution). Without knowledge of the Cr's real distribution it is assumed that the Cr is segregated to the interface and that the observed width reflects a rough or tilted boundary. It is noted that the spatial distribution is not required for the purpose of a quantitative compositional analysis and determination of the the electrostatic charge balance. Of course, the atomic structure and mechanical properties of the boundary will depend strongly on the details of the elemental distributions. The effect of beam broadening will spread the measured profile but for a foil thickness of about 50 nm the finite spectrometer entrance aperture collects only those scattering events occurring within about 0.8 um of the probe position. If we further assume the Al atomic density is uniform up to and across the interface, the amount of Cr segregated to the interface is given by the integral of its distribution in Figure 7 . In making this assumption we neglect the Figure 7 were condensed into this narrow width, the Cr/Al atomic ratio would increase to 0.1 x (5/0.2) or about 2.5. Accordingly, Cr may occupy either 2.5 lattice planes in substitutional sites (CrAl) or 1.25 monolayers, filling all 4 of the substitutional sites per unit cell plus the remaining interstitial sites which are charged, (Cr"')i. An alternative would be for Cr to fill tetrahedral sites, though with excess Mg also present this option seems unlikely. These estimates will be a little higher or lower according to the actual density of the interface planes. Since MgCr204 spinel is completely soluble in magnesium aluminate spinel, the equivalent of 2 planes could be easily accomodated within the structure. Since Cr is isovalent with Al, Cr accommodation within the substitutional sites is the most likely since such defects will not contribute directly to the space charge layer [9] . Figure 7 gives some insight into the 0 excess at the boundary. The An estimate of the Al3+ site inversion is provided by the Al L2,3 near edge peak intensity ratio given by (7a/7b) in Figure 8 . Qualitatively, the increased ratio at the boundary indicates greater Al site inversion. The ratio increases from 0.18 in the bulk spinel phase to 0.28 at the boundary. Subtracting the spinel background ratio accentuates the interfacial increase. With reference to Figure 4 and the regression analysis, the measured Ia/Ib ratios correspond to an inversion parameter of 0.1, increasing to 0.3 at the interface. This suggests that an extra 10% of the Al ions occupy tetrahedral positions. Cation site exchange results in zero net charge creation, and therefore would not directly contribute to charge imbalance compensation. However, in the electric field created by the excess Oz-and Mg2+, redistribution of the inverted cations will take place. The Mg2022Al will be attracted to the Mg"i, and the Ali towards the O20222022i. Confirmation of this effect awaits improved spatial resolution.
In the above discussion we have chosen to ignore variations in the Al density across the interface. Obviously this will modify slightly the estimates given, however, the description given above is meant only to provide a plausible picture of the elemental and defect site distributions. We have also ignored the possibility of aliovalent impurities, which are known to greatly influence space charge at very low concentration levels and we have made assumptions concerning interface structure. Greater insight will undoubtedly be obtained with a cleaner, more well defined system with a clearer picture of the atomic structure. In the future, it would be useful to examine the effect of substrate orientation and the role of oxygen partial pressure on the nature of the space charge region.
These measurements illustrate that a physically reasonable picture can be built up by quantitative analysis of spectrum-line profile data. Very large data sets can now be accumulated in very short times, putting stringent demands upon the speed and accuracy of data handling and processing. In this paper no attempt has been made to quantify or interpret the near edge structures on the Mg L2,3 and K and Al K edges. Clearly further work is necessary to better understand the detailed near edge structures if they are to be used in this quantitative way, to extract electronic structure information of ceramic interfaces. 6 
